Introduction
The prospect of intentional modification of the human germline has been both a source of excitement and unease for decades. Although tools for genome modification have been available for some time (zinc finger nucleases (ZFNs) and transcription activator-like effector nucleases (TALENs)), their technical limitations rendered considerations about clinical applications of germline genome modification (GGM) theoretical (Lunshof, 2016) . However, the discovery of clustered regularly interspaced short palindromic repeats (CRISPR)-CRISPR-associated system (Cas)9 (CRISPR-Cas9), for its specificity, efficiency, low-costs and ease in use, has represented a major step forward from previously available engineering tools (Jinek et al., 2012; Cong et al., 2013) . Five groups have recently reported GGM of (nonviable) human embryos (Liang et al., 2015; Kang et al., 2016; Fogarty et al., 2017; Ma et al., 2017; Tang et al., 2017) . These experiments revealed the techniques are still unsafe and insufficiently effective for clinical purposes. Our lack of understanding about e.g. gene interactions and possible unintended consequences causes particular concern (IBC, 2015) . However, scientists expect to overcome many of these technical hurdles in the foreseeable future (Ishii, 2017 , Lunshof 2016 Olson, 2016; Smith et al., 2012) . Indeed, although questioned by some experts (Egli et al., 2017) , remarkable progress has been reported, including high on-target specificity without off-target effects; although half of the embryos still had the mutation and more studies are needed to ensure reproducibility and safety (Ma et al., 2017) .
Three types of applications of GGM have been described, some more contentious than others . First, GGM could correct disease-causing gene(s), to prevent diseases such as cystic fibrosis (Schwank et al., 2013 ). Mostly, GGM would then represent an alternative to current reproductive options, such as PGD, to prevent the considered disease in the future child (Bosley et al., 2015) . Second, GGM could introduce a modification that reduces the risk of acquiring diseases, such as HIV (Kang et al., 2016) . Third, GGM could introduce non-medical enhancements to improve the quality of life of the resulting child, such as increasing muscle mass (Proudfoot et al., 2015) .
Many authors and professional societies have called for a debate about the socio-ethical and legal implications before the technical limitations currently preventing clinical introduction are overcome (AMS, 2015; IBC, 2015; NASEM, 2017) . The result has been a fierce and ongoing debate at international conferences and in academic literature and popular media Bosley et al., 2015; Lanphier et al., 2015) . Whereas some consider it our moral duty to alleviate suffering by eliminating diseases or even applying non-medical enhancements, others foresee apocalyptic scenarios including the destruction of humanity (Smith et al., 2012) . However, an overview of the reasons provided on both sides is missing. This article aims to provide an overview of, and framework for, the reasons in favor and against applying GGM clinically.
Materials and Methods
A systematic review of reasons was performed, which is a model to systematically identify the reasons provided in the literature on a normative position, claim or phenomenon (Strech and Sofaer, 2012) . We followed PRISMA recommendations (Moher et al., 2009 ).
Search strategy
MEDLINE was systematically searched; the search string is provided as supplemental data (Supplementary Information Full Search String) . The reference lists of eligible articles were perused for additional articles.
Article selection
Articles published in English between January 2011 and June 2016 were eligible for inclusion, including all article types (e.g. opinion articles), except for original biological research. Articles covering intentional modification of the nuclear DNA of the germline (i.e. embryo, zygote, gametes or precursor cells of gametes) were eligible and included if they discussed reasons for or against clinical application. Two researchers (S.H. and L.B.) independently considered inclusion through screening titles, abstracts and if necessary, full-texts.
Meta-synthesis
Meta-synthesis, rather than meta-analysis was performed considering the type of data (Hendriks et al., 2015) . Two reviewers (S.H. and I.D. or L.B.) independently performed the data collection and analysis; discrepancies were discussed until meeting consensus.
Data extraction
Several steps were taken to structure the identified reasons. First, we distinguished between reasons for and against clinical application of GGM. We did not describe the extent to which the authors endorse the mentioned reasons. The reasons were inductively grouped into categories by content analysis. This included multiple readings, highlighting meaningful units, grouping meaningful units into categories and comparing meaningful units between categories to integrate the categories (Hycner, 1985; Graneheim and Lundman, 2004) .
Considerations regarding the implementation processes and regulation were also indexed.
Per article, we reported the disciplines represented by the authors (as identified through their listed affiliations) and, if relevant, the type of study participants.
Finally, as the first experiments of human GGM may have changed the nature of the debate , we used Fisher's exact tests to analyse differences in how frequent domains were reported before and after 2015.
Reasons for and against clinical application of GGM
We identified 169 reasons, including 90 reasons for, and 79 reasons against future clinical application of GGM (Table II) . The articles reported a maximum of 60/169 reasons (Smith et al., 2012) . The reasons could be categorized into 13 domains (i) quality of life of affected individuals, (ii) safety, (iii) effectiveness, (iv) existence of a clinical need or alternative, (v) costs, (vi) homo sapiens as a species, (vii) social justice, (viii) potential for misuse, (ix) special interests, (x) parental rights and duties, (xi) comparability to acceptable processes, (xii) rights of the unborn child, (xiii) human life and dignity (Table II) . Before 2015 (i.e. the first human GGM), three domains were mentioned more frequently: parental rights and duties (47 vs 20%, P = 0.003), comparability to acceptable processes (59 vs 30%, P = 0.002), and human life and dignity (47 vs 30%, P = 0.01) (Supplementary Table S1 ). The domains effectiveness (56 vs 77%, P = 0.03) and special interests (13 vs 32%, P = 0.03) were more frequently mentioned after 2015. Figure 2 displays the most frequently reported reasons per domain.
Quality of life of affected individuals
Seven reasons for GGM referred to improving the quality of life of affected individuals. GGM could prevent suffering of the child and the parents by curing a genetic disease, prevent potential suffering of the child by reducing the risk of diseases, or improve the quality of life of the child and the parents by enhancing his/her non-medical traits. Articles argued GGM could provide progeny with an evolutionary advantage. Moreover, it could improve the job satisfaction of healthcare providers (as they care about their patients whose wellbeing is improved). Furthermore, it was argued GGM would have predictable effects on quality of life, and would not withhold parents from opportunities for guiding their children in overcoming difficulties.
In contrast, four arguments were raised that GGM, when successful, would not improve the quality of life of affected individuals. Specifically, despite reaching the desired outcome, GGM could cause discord in the parent-child relationship, hinder parents in supporting their child because of the large differences between them, withold parents from guiding their children in overcoming difficulties, and could not have the expected positive effects on the quality of life of the child and/or the parents.
Safety
Overall, 18 arguments for GGM related to safety. Some articles discussed that GGM could be safe for the child by applying the following strategies: using CRISPR which is able to induce specific modifications, using PGS to assess off-target effects, reversing errors using the same technology, further development of the technique, modifying precursor gametes (which would build in natural checkpoints), and/or by introducing common genes of which unforeseen effects are unlikely. Additionally, articles reasoned that GGM could decrease the child's life-long treatment burden as he/she will not need further therapy or PGD to prevent passing on the disease to future offspring. Some argued that safety risks for the child could be justified based on the expected benefits for that child, or based on the overall benefits to mankind. The difficulty of determining acceptable levels of risk for the child was raised. It was suggested GGM could be more safe for the child than previously introduced techniques, sexual reproduction or 
Stakeholder group
Professionals in ethics 64 Professionals in (science) journalism 59 60, Professionals in biomedical sciences 49 [1] [2] [3] 5, 8, [16] [17] [18] 23, 26, 28, 30, 32, 41, 44, [56] [57] [58] 60, 62, Professionals in law and policy 22 2, 4, 5, 8, 14, 15, 24, 25, 29, 44, 54, 56, 60, 64, 133, [152] [153] [154] [155] [156] [157] [158] Professionals listed as representing societies 19 5, 8, 19, 23, 131, [159] [160] [161] [162] [163] [164] [165] [166] [167] [168] [169] [170] [171] [172] Professionals in social sciences 11 9, 29, 62, 130, 156, [173] [174] [175] [176] [177] [178] Professionals in economics 2 152, 153 Patient representatives (parents of children with genetic anomalies) 2 148,179
The general public 1 32 Professionals in (biomedical) entrepreneurship c 7 2, 5, 19, 44, 131, 136, 180 Number of stakeholder groups represented per article
Representing one stakeholder group 128 6, 7, [10] [11] [12] [13] [20] [21] [22] 27, 31, [33] [34] [35] [36] [37] [38] [39] [40] 42, 43, [45] [46] [47] [48] [49] [50] [51] [52] [53] 55, 59, 61, 63, 132, 134, 135, [137] [138] [139] [140] [141] [142] [143] [144] [145] [146] [147] [149] [150] [151] 154, 155, 157, 158, [173] [174] [175] [176] [177] [178] [179] [180] Representing ethics and biomedical sciences 12 1, 3, [16] [17] [18] 23, 26, 28, 30, 41, 57, 58 Representing ethics and law and policy 7 4, 14, 15, 24, 25, 54, 64 Representing ethics and one other stakeholder group 2 9, 19 Representing biomedical sciences and one stakeholder group 5 130, 131, 133, 136, 148 Representing law/policy and one other stakeholder group 3 152, 153, 156 Representing three or more stakeholder groups 9 2, 5, 8, 29, 32, 44, 56, 60, 62 Representing societies without specification of involved stakeholders 14 [159] [160] [161] [162] [163] [164] [165] [166] [167] [168] [169] [170] [171] [172] a As identified by the listed affiliation. Numbers indicate the appropriate reference (Table IV) . c Self-reporting representing a commercial company.
Should GGM be introduced in the clinic?
The most frequently reported reasons per domain
Reasons for
Reasons against Could prevent suffering of the child and the parents by curing a genetic disease Could be a low-cost therapy by using CRISPR Could reduce the frequency of diseases in the population Could be considered unethical to withhold the child and/or society from access to this technique that relieves suffering Could be accepted as achieving comparable outcomes through other means is also accepted [1] [2] [3] [4] [5] [6] [7] [8] [46] [47] [48] [49] [50] [51] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [134] [135] [136] [137] 139, 140, [142] [143] [144] [145] [146] [147] [148] [149] [150] [174] [175] [176] [178] [179] [180] Could prevent potential suffering of the child by reducing the risk of diseases 29 13, 15, 17, 23, 28, [34] [35] [36] 41, [43] [44] [45] 58, 60, 61, 67, 100, 108, 117, 120, 125, 129, 131, 144, 145, 158, 160, 161, 163 Could improve the quality of life of the child by enhancing his/her non-medical traits 104 1,3,6-10,12,13,15-20,23,26-29,31,32,34-37,39,41-48,50, 51,53,55,58-60,63,64,67,68,70,72,73,76, 77,79,81,83,85,88-90,95,98-100,103,105,106,108,111, 115-120,124,125,127,128,130,131,133,136,138-146, 154-158,160-165,171,176,178 Could provide progeny with an evolutionary advantage 1 Could not have the expected positive effects on the quality of life of the child and/or the parents 17 6, 9, 10, 31, [35] [36] [37] 45, 46, 51, 58, 59, 64, 91, 95, 117, 146 Safety Positive Could be safe for the child by using CRISPR which is able to induce specific modifications 43 3, 14, 16, 23, 28, 37, 38, 43, 48, 55, 60, 62, 70, 76, 77, 79, 81, 89, 90, 93, 95, 100, [104] [105] [106] 108, 110, 113, 117, 119, 121, 122, 124, 137, 145, 146, 151, 155, 162, 163, 170, 178, 180 Could be safe for the child by using preimplantation genetic screening to assess off-target effects 13 1, 2, 17, 28, 35, 43, 44, 57, 60, 121, 125, 131, 139 Could be safe for the child by reversing errors using the same technology 8 7, 43, 44, 50, 64, 90, 124, 127 Could be safe for the child by further development of the technique 4 38, 43, 89, 117 Could be safe for the child by modifying precursor gametes, which builds in natural checkpoints 2 43, 139 Could be safe for the child by introducing common genes of which unforeseen effects are unlikely
Could decrease the life-long treatment burden of the child as he/she will not need further therapy 2 19, 123 Could decrease the life-long treatment burden of the child as he/she will not need PGD to prevent passing on the disease to future offspring 2 34, 44 Could have safety risks for the child that are justified based on the expected benefits for that child 35 1, 2, 9, 11, 12, 17, 21, 25, 28, 32, [34] [35] [36] [37] 39, 42, 43, 57, 59, 61, 64, 81, 83, 90, 113, 117, 121, 127, 131, 145, 155, 157, 160, 163, 175 Could have safety risks for the child that are justified based on the overall benefits to mankind 3 36,37,59
Could have safety risks for the child of which acceptability would be difficult to determine 8 9, 15, 20, 54, 57, 60, 143, 163 Could be more safe for the child than previously introduced novel techniques 16 6, 9, 12, 21, 25, 28, [33] [34] [35] [36] 39, 42, 43, 61, 117, 163 Could be more safe for the child than sexual reproduction 17 9, 11, 12, 20, 39, 43, 56, 61, 64, 72, 85, 113, 124, 139, 157, 163, 175 Could be more safe for the child than somatic genome modification 6 48, 55, 71, 124, 129, 160 Could allow couples to circumvent the maternal risks of terminating the pregnancy Negative Could pose safety risks for the child and subsequent generations due to off-target and on-target effects 153 1-21,23-26,28-32,34-49,51,52,54-57,59-62,64,66-79,81, 83-95,97-100,102,103,105-108,110,111,113-132,134-137, 139-142,145-150,152,155-165,168,169,171-173,175, 177-180 Could increase risks for the child by requiring the use of IVF 1 141 Could result in the child suffering from psychological distress 11 6, 7, 17, 32, 43, 46, 47, [51] [52] [53] 58 Could result in the child suffering from a social stigma 2 35, 131 Could result in unpredictable safety risks for the child and subsequent generations 76 2, [7] [8] [9] [10] [11] [12] [16] [17] [18] [19] [20] 26, 29, 31, [34] [35] [36] [37] [38] [39] [40] 43, 44, 46, 47, 49, 51, 54, 55, 61, 64, [70] [71] [72] 76, 77, [86] [87] [88] [89] [90] [91] 95, 100, 102, 103, 106, 107, [115] [116] [117] 127, [129] [130] [131] [132] 136, 137, 144, 146, 148, 152, 157, 160, [162] [163] [164] [165] 169, 171, 172, [176] [177] [178] 180 Could be difficult to ensure safety before clinical application 13 8, 17, 28, [35] [36] [37] 39, 47, 51, 55, 117, 152, 177 Could be difficult to ensure safety by using preimplantation genetic screening to assess off-target effects 4 17, 57, 128, 139 Could be difficult to ensure the long-term follow-up required for assessing safety 9 1, 8, 17, 28, 40, 60, 79, 127, 164 Could pose safety risks for the intended parents 4 58, 60, 134, 160 Could propose safety risks and burdens for the intended parents by requiring IVF 7 1, 35, 43, 56, 59, 63, 91 Could increase maternal pregnancy risks by increasing risks for the child
Could require a developmental process that exposes people who have supplied materials for research to risks 1 174 Effectiveness Positive Could be effective 16 2, 8, 17, 18, 35, 37, 43, 55, 93, 100, 105, 106, 121, 126, 142, 150 Could be efficient 28 1, 4, 14, 16, 17, 23, 26, 28, 38, 40, 48, 55, 57, 60, 64, 95, 102, 104, 136, 137, 139, 145, [149] [150] [151] 162, 163, 165 Could be easy to carry out by using CRISPR 60 2-4,17-19,23,28,40,44,48,50,55,57,60,62,67,68,71,72,76-79, 81,83,87,89,90,92,93,95, 98-100,102,105,106,108,109,111,112,117,119,121,126,137, 140,145,146,149,150,155,158,163,169-171,178,180 Could be more effective than using somatic therapy 11 8, 17, 35, 36, 43, 75, 100, 117, 123, 129, 139 Could be more effective than using current alternatives (e.g. PGD)
10 13, 17, 18, 34, 35, 67, 95, 134, 137, 144 Could be difficult to determine acceptable levels of effectiveness 1 60 Negative Could be ineffective 73 1,2,4,8,10-13,15,17,19,23-25,29,32,35,38,40,41,44,45,47, 48,50,57,60,62,70,71,73,74,77,81-83,86,87,90-92,94, 97-100,102,103,106,107,110,113,115,118,122,124,127-129, 131,133,137,139,148,150,152,159,160,162-165,175 Could be inefficient 22 17, 18, 28, 43, 44, 50, 65, 72, 75, 81, 92, 117, 120, 125, 128, 134, 145, 149, 150, 152, 170, 175 Could be difficult to carry out the techniques 2 87,134
Could be ineffective as causal mutations are in many cases unknown 22 26, 28, 35, 44, 48, 56, 64, 85, 86, 91, 98, 100, 108, 117, 134, 139, 141, 145, 151, 155, 156, 163 Could be ineffective as many diseases/traits are too complex to modify 21 13, 17, 26, 28, 35, 42, 44, 56, 63, 72, 79, 108, 117, 123, 134, 141, 144, 157, 158, 163, 165 Could be ineffective as many causal mutations arise de novo 2 1, 12, 13, 17, 18, 24, 31, 34, 38, 43, 44, 55, 64, 85, 95, [98] [99] [100] 114, 117, 124, 127, 137, 139, 144, 149, 155, 160, 164, 175, 179 Could meet an unmet clinical need for obtaining genetic parenthood in case of protecting against polygenic disease (i.e. inability to select not affected embryo)* 4 28, 34, 35, 43 Could meet an unmet clinical need for obtaining genetic parenthood in case of introducing protective alleles that the parents do not have* 2 43, 129 Could have unprecedented potential for eliminating heterozygous carriers from the population 3 28, 34, 144 Could have unprecedented potential for improving the species with non-human traits* 9 6, 32, 44, 47, 64, 72, 145, 162, 175 Could be preferable over current alternatives by circumventing the creation of embryo's that will be destructed in PGD 12 28, 34, 55, 66, 85, 98, 100, 127, 129, 134, 139, 155 Could be preferable over current alternatives by reducing the need for oocyte donors 3 1,18,38
Could be preferable over current alternatives by preventing the ethical issues related to termination of pregnancy 2 139,155
Negative Could meet only a small clinical need as there are almost always alternatives available 56 1, 10, 13, [17] [18] [19] 26, 28, 31, 32, 34, 36, 37, 43, 44, 47, 48, 55, 60, 67, [70] [71] [72] [73] 79, 81, 84, 85, 88, 95, 100, 103, 106, 108, 114, 117, 118, 121, 125, 127, 129, 131, 134, 137, 140, 144, 146, 155, 160, [162] [163] [164] 169, 175, 178, 180 Could create a demand that would not have existed without the existence of the technique 9 4, 13, 51, 71, 91, 95, 119, 137, 161 Could be preferable over alternatives to only a limited number of people 1 155 Costs Positive Could be a low-cost therapy by using CRISPR 35 2, 3, 28, 38, 40, 43, 44, 48, 50, 55, 60, 62, 68, 72, 80, 87, 90, 92, 95, [98] [99] [100] 102, 106, 119, 126, 127, 137, 149, 150, 152, 155, 158, 163, 180 Could be a low-cost therapy by improvements from further research
Could be a low-cost therapy by commercialization 1 55
Could reduce healthcare costs for individuals and/or society caused by people living with the disorders 8 31, 35, 44, 48, 55, 62, 117, 163 Could allow people to contribute to society more economically Could entail issues of distributive justice relating to investing in this rather than other issues 7 43, 48, 56, 82, 91, 158, 178 Could increase medical tourism if there will be differences in costs 8, [10] [11] [12] 18, 20, 21, 25, 26, 28, 29, 31, [34] [35] [36] [37] 43, 44, 48, 51, 55, 56, 58, 61, 62, 64, 67, 90, 91, 98, [100] [101] [102] [103] 106, 107, 109, 110, 117, 118, [121] [122] [123] 126, 127, 130, 131, 137, 142, 144, 145, 148, 154, 158, 163, 171, 178, 179 Could allow modified individuals to contribute more to society 8 7, 9, 11, 59, 61, 117, 146, 161 Could safeguard the survival of our species by allowing modified individuals to contribute more 8 9, 11, 12, 31, 35, 61, 123, 163 Could have limited impact as consequences are restricted to individual and its descendants 4 20, 21, 64, 157 Could be used for eugenics, however, this is not necessarily morally wrong 9 7, 35, 42, 58, 146, 156, 161, 163, 178 Could have large-scale consequences, however, human resilience will likely prevent fall-outs Could lead to a slippery slope, however, this should not be a decisive argument against using this technology 6 34, 35, 43, 103, 116, 124 Could lead to worst-case scenarios, however, this should not be a decisive argument against using this technology 7 10, 24, 34, 51, 60, 103, 157 Negative Could have potentially disastrous consequences leading to dystopias and the demise of our species 24 7, 13, 14, 17, 31, 34, 43, 44, 50, 51, 64, 71, 88, 90, 117, 120, 132, 154, 158, 163, 164, 174, 175, 178 Could weaken the resilience of our species by reducing generational turnover through human life extension
Could weaken the resilience of our species by reducing the diversity of the gene pool 5 6, 10, 32, 44, 64 Could lead to eugenics 47 1, 6, 7, 10, 17, 21, 24, 26, 28, 29, 31, 35, 44, 48, 50, 53, 58, 70, 79, 81, 85, 87, 90, 99, [115] [116] [117] [118] 126, 127, 129, 130, 138, 139, 141, 146, 154, 156, 158, 161, [163] [164] [165] [174] [175] [176] 178 Could incite a slippery slope towards unacceptable scenarios 31 2, 13, [16] [17] [18] [19] 31, [34] [35] [36] 41, 43, 44, 51, 68, 69, 71, 76, 81, 89, 99, 102, [116] [117] [118] 127, 131, 133, 138, 175, 178 Could harm biodiversity and ecosystems 6 29, 43, 50, 62, 174, 175 Could alter cultural attitudes and values 10 31, 35, 44, 49, 50, 53, 58, 128, 138, 152 Could increase the medicalisation of reproduction 2 128, 131 Could incite a rat race 4 10, 58, 158, 176 Could reduce the valuable diversity in our society 6 6, 10, 32, 42, 91, 179 Could lead to social dilemmas 4 9,10,13,48
Could have limited success in the elimination of diseases as this would require modifying heterozygous embryos 2 26,144
Could have undesirable effects on society (unspecified) 11 32, 47, 83, 85, 91, 103, 126, 131, 136, 160, 171 Social justice Positive Could prevent the injustice of being dealt a poor genetic hand 6 35, 43, 45, 55, 62, 64 Could decrease segregation by providing disadvantaged groups with preferential access 1, 3, 6, 7, 10, 11, 17, 21, 26, 28, 32, 35, 43, 44, 48, 50, 55, 57, 58, 60, 62, 76, 77, 79, 84, 89, 91, 117, 127, 131, 136, 138, 152, 156, 158, 160, [162] [163] [164] [165] [174] [175] [176] 178, 179 Could contribute to inequity within and between countries through choices in the development of potential modifications 6 32, 55, 60, 62, 175, 176 Could create a 'genobility ' 7 7,32,43,47,89,121,178 Could lead to generational inequity 3 [35] [36] [37] Could reduce the acceptability of disability 21 1,11,13,22,32,35,36,50,55,58,62,84,91,121,160,163-165, 175,176,178 Could contribute to inequity (unspecified) 6 10, 36, 37, 50, 121, 175 Potential for misuse Positive Could pose no biosecurity risk 1
20
Could be too complex to carry out for 'garage'-biologists 4 44, 78, 87, 109 Could be misused, however, this should not be a decisive argument against using this technology 3 43, 56, 63 Negative Could pose a biosecurity risk 12 9, 24, 34, 48, 50, 54, 62, 80, 109, 160, 174, 175 Could be misused in ways that would be difficult to detect 1
55
Could be misused by parents with wrong incentives 3 37, 44, 63 Could be misused by do-it-yourself-biologists 17 23, 40, 44, 48, 68, 78, 80, 83, 87, 99, 102, 109, 112, 116, 126, 175, 180 Could result in (governmental) coercion forcing people to use these technologies 11 10, 21, 32, 35, 37, 59, 77, 127, 162, 164, 178 Could result in indirect coercion through social norms forcing people to use these technologies 6 21, 35, 44, 55, 62, 91 Could result in indirect coercion through funding forcing people to use these technologies 4 35, 91, 127, 163 Could be misused (general) 16 1, 17, 18, 34, 49, 50, 52, 56, 86, 106, 121, 125, 127, 143, 157, 163 Special interests Positive Could incite commercial interests that are aligned with public interests 3 87, 117, 155 Negative Could result in commercialization of the technology, potentially leading to exploitation 38 4, 35, 41, [48] [49] [50] [54] [55] [56] 62, 75, 87, 88, 90, 92, [100] [101] [102] 105, 106, 111, [115] [116] [117] [118] [119] 121, 127, 131, 138, 149, 156, 158, 160, 161, 163, 175, 176 Could incite pressure from patients that leads to premature and/or inappropriate applications 11 3, 50, 54, 56, 60, 62, 72, 112, 156, 161, 163 Could incite (commercial) interests of clinics that lead to premature and/or inappropriate applications 8 44, 60, 69, 88, 99, 103, 120, 143 Could incite (commercial) interests of researchers that lead to premature and/or inappropriate applications 8 60, 75, 90, 99, 107, 142, 158, 165 Could incite special interest that have undue influence on policy-makers 2 62,156
Parental rights and duties
Positive
Could be considered part of parents' right of reproductive liberty 16 1, 10, 11, 13, 21, 22, [35] [36] [37] [38] 47, 72, 131, 156, 161, 178 Could improve reproductive autonomy 9 1, 13, 18, 28, 35, 36, 117, 137, 178 Could constitute part of the parental duty to make decisions for their unborn child as he/she cannot yet make these 4, 7, [10] [11] [12] 22, 23, 31, 34, 35, [37] [38] [39] [43] [44] [45] [46] [47] [48] 51, 59, 61, 64, 87, 91, 117, 129, 154, 158, 161, 174, 178 Negative Could surpass the limits of reproductive liberty 5 6, 10, 22, 40, 131 Could be considered part of parents' right of reproductive liberty, however, this is not important 1 37
Could make an appeal to the parental duty to protect child against uncertainties of experimental techniques 3 36,37,47
Could make no appeal on a parental duty to perfect children as there is no such duty 3 35, 37, 59 Comparability to acceptable processes Positive Could be accepted as achieving comparable outcomes through other means is also accepted 33 6, 7, [9] [10] [11] [12] 17, [20] [21] [22] 33, 36, 38, 40, [43] [44] [45] [46] 50, 55, 58, 59, 61, 63, 72, 90, 91, 117, 139, 145, 156, 161, 178 Could be considered natural as genes are modified in nature too 10 11, 20, 28, 43, 56, 64, 85, 90, 139, 175 Could be considered to meet the human drive to exercise control 6 7, 17, 26, 63, 117, 178 Could be considered as restoring nature 2 17,28
Could be considered unnatural, however, unnatural is not inherently wrong (i.e. naturalistic fallacy) 13 7, 11, 35, 43, 53, 61, 63, 64, 85, 117, 119, 154, 178 Negative Could intervene to an extent that only nature is allowed 26 6, 7, 12, 13, 17, 31, 32, 35, 37, 49, 53, 55, [62] [63] [64] 99, 115, 117, 118, 141, 155, 161, 162, 164, 177, 178 Could intervene to an extent that only God is allowed 13 6, 7, 12, 13, 17, 43, 48, 51, 56, 64, 100, 155, 161 Could be considered unjustified as it is a preventive procedure 4 17, 18, 25, 107 Could be compared to accepted current practices, however, these may also be unethical
Rights of the unborn child Positive Could implicate the non-identity problem 10 6, 11, 12, 22, 35, 36, 39, 43, 55, 61 Could lead to no relevant non-identity problem 4 22, 35, 43, 55 Could be done without implying that acceptance of a child is conditional
Could leave the right to freedom of the child unaffected 6 6, 22, 36, 44, 45, 58 Could conflict with the principles of informed consent, however, parents always make choices for their children 12 1, 11, 12, 28, 36, 40, 53, 57, 61, 72, 124, 127 Negative Could impinge on the right to freedom of the child 17 7, 12, 36, 40, [43] [44] [45] [46] [47] [48] 52, 53, 58, 72, 130, 160, 175 Could conflict with the principles of informed consent as there is no agent available to give consent 28 1, 11, 12, 14, 17, 18, 28, 36, 38, 40, 43, 44, 48, 53, 56, 57, 61, 70, 75, 99, 106, 117, 125, 127, 131, 158, 165, 169 Could conflict with the principles of informed consent as information about the technique is insufficiently available 6 3, 32, 36, 40, 127, 176 Could imply that the child is not unconditionally accepted 1 Continued somatic genome modification. Additionally, it could allow couples to circumvent the maternal risks and psychological distress of pregnancy termination, the maternal risks and the burden of multiple IVF cycles for PGD and/or the maternal risks and the burden of IVF if in vitroderived gametes are used. Twelve concerns about safety were expressed. Articles argued that GGM could pose safety risks for the child and subsequent generations due to off-target and on-target effects (i.e. the targeted gene protecting against the targeted disease but increasing the risk on a different disease). Furthermore, it would require using IVF, which by itself increases risks for the child. It could also result in the child suffering from psychological distress or social stigma. Concerns were expressed that the safety risks could be unpredictable and it could be difficult to ensure safety before clinical application or to assess safety by using PGS to assess off-target effects. Furthermore, ensuring the long-term follow-up required to assess safety could be challenging. Some reasoned that GGM could pose safety risks for the intended parents, the need for IVF would involve additional safety risks and burdens, and higher health risks for children would increase obstetric risks. Finally, some stressed that the process of developing GGM may expose people supplying research materials to risks.
Effectiveness
Six reasons for GGM related to effectiveness. Some articles argued that GGM could be effective, efficient, and easy to carry out by using CRISPR. Several authors stressed that effectiveness should be interpreted in the context of somatic genome modification, or current alternatives such as PGD, both of which may be less effective. Determining acceptable minimal limits of effectiveness could be challenging.
Seven reasons against GGM related to effectiveness. It could be ineffective, inefficient, or difficult to carry out the techniques. Articles reasoned that GGM could be ineffective as causal mutations are in many cases unknown, many diseases/traits are too complex to modify, and many causal mutations arise de novo. Finally, some stressed that ensuring effectiveness through assessing mosaicism by PGS could be difficult.
Existence of a clinical need or alternative
Eight arguments in favour of GGM built on an unmet clinical need. Some articles discussed that GGM could meet an unmet need for obtaining genetic parenthood in case of certain parental genetic predispositions (e.g. both homozygous and therefore it would not be possible to select a not affected embryo), protecting against polygenic diseases, and introducing protective alleles that the parents do not have. Additionally, GGM could have unprecedented potential for eliminating heterozygous carriers from the population and improving the species with non-human traits. Finally, it could be preferable over current alternatives: by circumventing the creation of embryo's that will be destructed in PGD, by reducing the need for oocyte donors and by preventing the ethical issues related to pregnancy termination.
Three arguments against GGM referred to the clinical need being insufficient. Specifically, GGM could: meet only a limited clinical need as alternatives are almost always available, create a demand that otherwise would not have existed, and be preferable over alternatives to only few people.
Costs
Seven financial reasons were given for GGM. It could be a cheap therapy by using CRISPR, with improvements of further research, and by commercialization. Furthermore, curing children would prevent costs of (life-long) therapy and care for individuals and/or society, and would allow these individuals to contribute more economically. Additionally, it could create jobs in healthcare. Finally, some argued that the benefits justify the costs.
Six reasons against using GGM referred to costs. It could increase healthcare costs by: being an expensive therapy, causing side-effects that require therapy, and prolonging life. Additionally, it could lead to significant indirect costs for society through inciting large-scale changes (e.g. modifications increasing stature may require redesigning buildings to accommodate taller individuals). Furthermore, articles reasoned that investing in GGM rather than other issues (e.g. people currently suffering from these diseases) raises questions about distributive justice, and pricing differences may incite medical tourism.
Homo sapiens as a species
A total of 13 arguments in favour of GGM referred to benefits to our species. Articles suggested that GGM could reduce the frequency of, or eradicate, diseases in the population. It may allow modified individuals to contribute more to society and thereby even safeguard the survival of our species. Some argued that even potential eugenic purposes would not necessarily be unethical. Furthermore, although there may be large-scale consequences, human resilience will prevent Negative Could impinge on human dignity 31 1, 6, [13] [14] [15] [16] 18, 22, 27, 28, 35, 36, 38, 43, 46, 48, 54, 61, 67, 100, [115] [116] [117] 125, 131, 138, 152, 161, 165, 175, 178 Could conflict with the moral status of a human embryo, which implies they should not be modified and/or created for the purpose of research 22 1, 13, 17, 18, 22, 23, 28, 34, 39, 41, 43, 53, 55, 58, 60, 84, 155, 160, 161, 163, 165, 175 Could incite religious objections 13 20, 32, 43, 44, 63, 64, 82, 116, 129, 138, 155, 165, 175 a Numbers indicate the appropriate reference (Table IV) .
*Argument specific to germline genome modification.
fall-outs. Others reasoned negative impacts would be limited as consequences are restricted to the individuals and their descendants. Furthermore, some discussed that widespread use of GGM was unlikely, therefore limiting the potential societal impact. Specifically, effects on the gene pool and diversity would be limited as there are many traits. Additionally, GGM may not affect the germline (i.e. by modifying embryonic stem cells in ways that are not passed on to future generations) or may not affect future generations if modified individuals do not reproduce. Finally, some argued that the potential for worst-case scenarios or a slippery slope towards unacceptable scenarios are not limited to GGM and may be controlled, or otherwise should not constitute a decisive argument against GGM. Overall, 13 concerns about GGM referred to our species. Some argued GGM could have disastrous consequences leading to dystopias and the demise of our species. For example, the resilience of our species could be weakened by reducing the gene pool's diversity and/or by reducing generational turnover through human life extension. Additionally, GGM could lead to eugenics, and to a slippery slope towards unacceptable scenarios. It may also harm biodiversity and ecosystems. GGM may alter cultural attitudes and values, increase the medicalisation of reproduction, and incite a rat race. It may lead to reducing valuable diversity in our society. Furthermore, it may present social dilemmas (i.e. a conflict between individual and collective interests). Additionally, some reasoned that eliminating diseases from the population would be unlikely as this would require large-scale modification of heterozygous embryos. Finally, some authors warn against unspecified undesirable societal effects.
Social justice
Five benefits of GGM in improving equality were named. It could prevent the injustice of being dealt a poor genetic hand, or even decrease segregation by providing disadvantaged groups with 'headstart' programmes or preferential access as a form of affirmative action. Alternatively, some argued that potential issues related to equity and access to care, reducing acceptability of disability, and creating generational inequity are not limited to GGM and may be controlled, or otherwise should not constitute a decisive argument against GGM.
Six concerns about exacerbating issues relating to social justice were expressed. GGM could contribute to inequity within and between countries if access depends on wealth or other privilege, and/or through choices in the development of potential applications. It may create some form of a 'genobility' or lead to generational inequity (i.e. the first modified generation being disproportionally exposed to risks). Additionally, GGM may reduce the acceptability of disability. Finally, some warned against unspecified inequality issues.
Potential for misuse
Three arguments in favour of GGM related to its potential misuse. Articles reasoned that clinical application of GGM would not pose biosecurity risks, and misuse by do-it-yourself-biologists would be unlikely. Furthermore, the potential for misuse is not limited to GGM and may be controlled, hence it should not constitute a decisive argument against using GGM.
Eight concerns about misuse of GGM were named. The potential for posing a biosecurity hazard and the difficulty to detect misuse of the technology were stressed. GGM could be misused by parents with wrong incentives and by do-it-yourself-biologists. The potential for (governmental) coercion forcing people to use these technologies was addressed, as well as the potential for indirect coercion through social norms or funding. Finally, some warned against unspecified misuses.
Special interests
In favour of GGM, some authors referred to special interests. Specifically, they noted that commercial interests could be aligned with public interests in preventing the fall-out of potential harms.
Five articles voiced concerns about exploitation by special interests. They argued that potential commercialization of GGM could lead to exploitation. Additionally, special interests/pressure from patients, clinics and/or researchers may lead to premature or innapprporiate applications. Finally, special interests could have undue influence on policy-makers.
Parental rights and duties
Five reasons for GGM related to parental rights and duties. Articles reasoned that using GGM is part of the intended parents' reproductive liberty, and would improve reproductive autonomy. Moreover, intended parents have a duty to make decisions about their unborn children and abstaining from GGM cannot be reversed. Finally, some considered it unethical to withhold the child and/or society from access to this technique to relieve suffering.
Four concerns were raised relating to parental rights and duties. Some considered GGM to surpass the limits of intended parents' reproductive liberty. Others stated that even if part of parents' reproductive liberty, this right is not important. Furthermore, parents have a duty to protect their children against uncertainties of experimental techniques. Finally, some argued that there is no parental duty to have perfect children and, consequently, there is no duty to apply GGM.
Comparability to acceptable processes
Five reasons in favour of GGM drew comparisons to existing and accepted processes. Some articles reasoned that GGM could be accepted as achieving comparable outcomes through other means is also accepted. Furthermore, it could be considered: as natural, considering genes are modified in nature too; as meeting our human drive to exercise control; and as restoring the natural state. Finally, even if modification is considered unnatural, unnatural is not inherently wrong (i.e. naturalistic fallacy).
Four concerns related to comparability of existing and accepted processes. These concerns included the arguments that only nature or God should intervene to the extent of GGM. Furthermore, some articles stressed that the intervention would take place before confirming the expression of the disease, and therefore could not be justified. Finally, some reasoned that comparability to current practices is a flawed argument since these may also be unethical.
Rights of the child
The rights of the child were reflected in five reasons in favour of GGM. Some articles argued that considerations considering harm to the unborn child are irrelevant if the child would not have been born otherwise and would have a life worth living (the 'non-identity problem'). However, others explain the 'non-identity problem' may not be relevant here or does not provide a sound argument. Other articles reasoned that GGM would not impinge on the child's freedom, nor imply conditional acceptance of a child. Finally, some discussed that even if conflicting with informed consent, parents always make choices for their children and this should thus not be a decisive argument against GGM.
Four worries were voiced about the rights of the child. GGM could impinge on the child's freedom (i.e. violate his/her right to an open future). Furthermore, it could conflict with informed consent as there is no agent available to give consent and as information about GGM is insufficiently available. Finally, using GGM may imply that the child is not unconditionally accepted.
Human life and dignity
Seven reasons in favour of GGM related to human life and dignity. Some argued that GGM may actually be congruent with: societal values, as the public will sympathize with disease carriers; human dignity, as embryos do not have a moral status; and religious values, as God enabled the use of this technology and modified individuals may serve God better. Alternatively, it was asserted that the following arguments should not be decisive against using this technology: arguments based on human dignity, since what constitutes human dignity remains unclear; the perception that suffering/disease has a higher purpose; a yuk-response (i.e. a negative emotional response); and/or religious objections.
Three reasons against GGM related to human life and dignity. Articles reasoned that GGM would impinge on human dignity, and specifically, that human embryos should not be created or modified for the purpose of research, because that conflicts with the moral status of the embryo. Furthermore, religious objections were expressed.
Considerations regarding the implementation processes and regulation
Many authors expressed considerations regarding implementation processes and regulation (Table III) .
In determining acceptability, authors expressed the need to involve expert and non-expert stakeholders in an open discussion. Furthermore, they argued that defining what medical conditions qualify for modification could be challenging. Additionally, defining the difference between: medical conditions and human variability (e.g. hearing loss), medical conditions and enhancement, human and non-human traits, and somatic and germline cells, may be difficult. Regarding regulation, some opposed setting up regulation as they argued intended parents and their clinicians/scientists should decide on acceptability. Some warned against overregulation, which may prevent proper research and debate and/or may incite unwarranted fears among the public. In contrast, many argued in favour of regulating GGM and referred to what they considered appropriate existing regulations, or the need for additional oversight. Some articles argued for regulating GGM to prevent a public outcry resulting in the prohibition of somatic genome modification. Some reasoned that regulation should be regional, to acknowledge cultural values. Others argued that it should be international, as regional choices would affect all countries, and having these regional differences would incite medical tourism. Articles discussed that regulation should be flexible to adapt to rapidly evolving technologies. Finally, concerns were expressed that enforcing regulations may be challenging in some countries, e.g. because they govern by guidelines or professional codes without effective enforcement mechanisms. Finally, some expressed unclarity about how and who ought to make regulatory decisions.
Discussion
This review provides, to our knowledge, the first systematic review on the ethics of GGM, identifying 90 reasons for, and 79 reasons against its future clinical application. Previous, non-systematic, articles presented a maximum of 60/169 reasons. This review represents a valuable addition to previous literature by providing an overview of, and framework for, the reasons put forward in this debate.
Limitations
There were several methodological challenges. First, different terminology is used and articles on GGM were poorly indexed, resulting in a broad search strategy and relying heavily on perusing reference lists. Second, unlike more traditional systematic reviews, we could not assess risk of bias in the included studies, as there are no quality criteria for performing a meta-analysis of opinion papers (Hendriks et al., 2015) . Third, synthesis required the reviewers to interpret the articles. Despite using two reviewers, the authors' meaning may have been misinterpreted. Additionally, we identified stakeholders' disciplines by their listed affiliations, which is a conservative interpretation of their expertise. Fourth, by systematically reviewing the literature, we aimed to provide a more complete overview of reasons. However, we cannot ensure completeness as relevant reasons may have been omitted in the reviewed literature (Strech and Sofaer, 2012) . Moreover, the large volume of literature impelled us to limit the scope of our search for feasibility. Presuming that most arguments used in earlier debates, e.g. those in the 70s (incited by recombinant DNA technology), 80s and 90s (incited by the Human Genome Project) have reappeared in the current discussions (Lunshof, 2016) , we only included papers published between 2011 and 2016. We also excluded original biological studies, hoping to still cover insights from biomedical experts as they (co)authored n = 53 non-biological studies. Additionally, our search was limited to MEDLINE, although we supplemented this by perusing reference-lists of identified papers. However, we acknowledge that these choices may have resulted in missing relevant reasons. Finally, to reduce the risk of bias, all reasons mentioned in the literature are described. However, neither describing reasons, nor reporting the frequencies of articles reporting on them, should be confused with a claim of which reasons are more sound, legitimate, or more important than others (Strech and Sofaer, 2012) .
Findings in the context of literature
By summarizing and quantifying the identified reasons, the results section served descriptive ethics. We provide some additional considerations.
At the core of many reasons for GGM is the importance of genetic parenthood. If genetic parenthood would not be as important, achieving the goals of GGM (i.e. preventing a genetic disease, reducing the risk of diseases and/or inducing non-medical enhancements in a future child) would be safer and more effective through, e.g. selecting a suitable partner or sperm donor. Although infertile patients value genetic parenthood, they may not persue it if that involves significant risks, costs or limited success rates (Hendriks et al., 2017 (Hendriks et al., , 2018 . Investigating the relative importance of genetic parenthood may be key in determining the value of GGM (Cohen, 2017; Hendriks et al., 2018) .
We differentiated between safety for the child and effectiveness. These differ when considering an embryo carrying a mutation as the starting point; i.e. effectiveness referring to the probability of curing the disease, and safety referring to not causing additional harm. However, for patients considering options for having healthy children, safety and effectiveness may be perceived as equivalent. Clarifying this may help communicating with the public.
Scholars have suggested that the reasons for and against GGM are not new, but have also been used for other novel technologies such as PGD (Tonkens, 2011a; Harris, 2016) . Indeed, we identified few reasons that are specific to GGM. These include improving the species with non-human traits and combining genetic parenthood with desired medical or non-medical traits that the intended parents cannot pass on. However, arguments being non-specific to GGM, does not diminish the need for reflection, as a difference in degree may be a difference in kind.
We found that effectiveness and special interests were more frequently mentioned after the first human GGM reports, which could relate to the experiments' low success rates. Special interests becoming a concern as some groups are actually working on GGM and fighting over securing patents (Ledford, 2017) . Parental rights and duties, comparability to acceptable processes, and human life and dignity were discussed less frequently after the first experiments. We speculate that considerations about duties to perform GGM and its comparability to accepted practices is more relevant in theory and when the technique has advanced to being safe and effective. Furthermore, the experiments invited more accessible, but less indepth, media attention. 2,4,5,8,11,13-15,17-19,21,23,26,29,32,38,41,44,48-50,52,54,55,60,62,67,70-72, 74,77-82,84-88,90,91,94,96-98,100,102,103,107,112,116-118,120,121,126,128, 131-134,137,139,142,143,145-148,152,153,155,158-165,167,168,170,171,173-177 It may be difficult to define what medical conditions qualify for modification 31 1, 2, 15, 17, 23, 31, 32, 44, 55, 58, 60, 62, 64, 72, 74, 88, 89, 95, 101, 105, [117] [118] [119] 126, 136, 143, 158, 160, 161, 163, 173 It may be difficult to define the difference between a medical condition and human variability 13 6, 28, 44, 51, 72, 84, 91, 160, 163, 175, 176, 178, 179 It may be difficult to define the difference between a medical condition and enhancement 13 7, 20, 36, 37, 43, 44, 51, 95, 154, 164, 171, 176, 178 It may be difficult to define the difference between human and non-human traits There is a need to prevent overregulation, which may prevent proper research and debate 5 14, 24, 44, 97, 124 There is a need to prevent overregulation, which may incite unwarranted public fears
There is a need for regulation 101 1,4,5,10-15,17-19,23,27-31,33-36,38,41,44,46,48-50,52,54,55,60,62,65-67,70, 72,74,76,77,79,81-84,86-91,94,98-101,103,104,106,107,112-118,120,121,126-128, 138,140,142,146,148,152,153,155-158,160,162-165,168-172,174,175,177-180 There is a need for regulation to prevent a public outcry resulting in the prohibition of all applications of genome modification 24 3, [17] [18] [19] 41, 44, 54, 62, 67, 71, 72, 76, 79, 83, [87] [88] [89] 91, 97, 100, 103, 127, 133, 173 Regulation should be regional as it should acknowledge cultural values 11 20, 44, 60, 77, 81, 84, 95, 136, 155, 157, 160 Regulation should be international as regional choices would affect all countries 19 1, 23, 48, 50, 62, 70, 76, 81, 88, 89, 96, 112, 142, 157, [160] [161] [162] [163] 165 Regulation should be international as to prevent medical tourism 8 4, 21, 44, 124, 160, 163, 165, 175 Regulation should be flexible to keep up with rapidly evolving technologies 14 14, 15, 18, 40, 54, 55, 60, 62, 89, 95, 152, 153, 160, 179 It may be difficult to enforce regulation (in some countries) 41 1, 3, 7, [14] [15] [16] [17] 20, 21, 23, 38, 44, [48] [49] [50] 55, 60, 62, 65, 71, 72, 76, 80, 83, 85, [87] [88] [89] 97, 101, 107, 113, 114, 117, 124, 126, 127, 156, 161, 163, 178 It may be difficult to define how and who should make decisions on regulation 19 21, 23, 26, 28, 32, 49, 55, 62, 81, 112, 113, 115, 131, 152, 153, 160, 161, 164, 177 a Numbers indicate the appropriate reference (Table IV) .
Table IV All included articles by reference number as listed in Tables I-III and Supplementary Information Table S1 . 
